Abstract: Reproductive behavior of Aplysia californica Cooper was studied in the field and laboratory. Distinct diel patterns of behavior were found in the field. During the summer > 1/2 ofA. californica observed at 0300 and 0900 were engaged in reproductive behaviors (precopulatory behavior, copulations, egg-laying); feeding behavior predominated at 1500 and 2100. Relatively little time was spent crawling or being sedentary. This did behavior pattern was similar during two time periods spanning the summer peak in A. californica reproduction. A. californica mate in aggregations, which were larger at 0300 and 0900 than at 1500 and 2100. Larger aggregations and aggregations with eggs were more likely to persist to the following day than were small or egg-less aggregations. Despite the relatively high persistence ofmating aggregations, individual turnover within the aggregations was high -only ~ 1/3 of the observed individuals were present in the same aggregation on the following day. Individuals usually joined mating chains as the terminal male, but left from either end or the middle. Mixed-species aggregations of A. californica and the sympatric A. vaccatia Winkler often formed, suggesting that the two species share a common sexual pheromone; however, the two species did not interbreed.
INTRODUCTION
Sea hares of the genus Aplysia are widely seen as model organisms for ultimately uniting our understanding of behavioral patterns with their underlying neural mechanisms. This goal has stimulated behavioral observations of various Aplysia species in both the laboratory and field (reviewed in Carefoot, 1987) . Many ¢~f the observations that have been made on diel behavior cycles, the choice of sexuat~ roles, and mating All field observations were conducted at the Catalina Marine Science Center (CMSC), Santa Catalina Island, California, USA (33 ° 27' N, 118 ° 29' W). Shallow (< 10 m) subtidal rocky reefs in the vicinity of the laboratory are typically dominated by a variety of foliose algae that cover > 50% of the substratum (Pennings, 1990a,b,c) .
Density ofA. californica at the reef used for this study was ~ 0.15.m-2 in the summer months (Pennings, 1990c) . Several hundred A. californica were present on the reef at any one time during the summer months. Laboratory experiments were conducted both at CMSC and at the University of California, Santa Barbara (UCSB), California, USA. A. californica become reproductively mature at ~0.5 g (Pennings, 1991) ; however, all observations and experiments used relatively large individuals (> 100g).
A. californica and A. vaccaria co-occur in southern California. At Santa Catalina Island, large A. californica aggregate to mate during the summer months and die in the fall (AUdesirk, 1979) ; the life-history of A. vaccaria has not been studied.
DIEL PATI'ERNS OF BEHAVIOR
To determine if the behavior ofA. californica in the field varied between times of day or over the course of the mating season, I observed A. californica in the field during two periods (seasons): 7-17 July 1986 and 26 August-I 1 September 1986. These periods were chosen to span the peak in the mating season (Audesirk, 1979) . Dives were made within 2-h periods centered on 0300, 0900, 1500, and 2100. Dawn and dusk were at 0600 and 1800, respectively. Since some behaviors, especially mating, may persist for several hours once initiated, consecutive visits to the reef were always at least 12 h apart. This ensured that each behavioral observation on an individual was an independent event. A total of 2-3 dives were made at each time of day within each season.
On each dive I systematically searched the reef, noting the behavior of each A. californica seen. Lights were used on the night dives, but they did not appear to alter the behavior of the A. californica (each individual was in the light for < 1 min). I had previously tagged the A. californica at this site, using plastic garment tags inserted through the parapodia, which enabled me to ensure that each individual was sampled only once during a dive. Behavior of each sighted A. californica was categorized as feeding, reproducing, crawling, or sedentary (see below). Classification of the behavior of an animal typically took < < 30 s of observation. Actual behaviors, however, typically persist for minutes to hours (Kupfermann & Carew, 1974; Pennings, pers. obs.) .
Feeding. Animals were classified as feeding if they were ingesting algae, repeatedly biting the surface of the substratum, or repeatedly waving their heads back and forth. The latter two distinctive behaviors are used to search for food, and can be performed while the animal is slowly crawling.
Reproducing. Animals were classified in this category if they were courting (a direct prelude to copulation), copulating, or laying eggs (full descriptions of these behaviors are given in Leonard & Lukowiak, 1986) . Most individuals that were laying eggs were also copulating (see Results). The few animals which were simultaneously feeding and mating were classified as reproducing.
Crawling. Animals were classified as crawling if they were moving across the substratum. The occasional animals which were crawling and feeding at the same time were classified into whichever behavioral category seemed to predominate.
Sedentary. Animals in this category were not moving. Often they were balled-up or hunched (see Leonard & Lukowiak, 1986) . Many sedentary animals were found in crevices or under rocks. I compared the proportion of individuals classified as reproducing during each time of day and season using ANOVA (2-3 dives at each time of each season). Similarly, the proportion of reproducing animals that were laying was compared using ANOVA. Proportions were arcsine (squareroot)-transformed before analysis (Sokal & Rohlf, 1981) . The proportion of individuals that were laying but not simultaneously mating at each time of day was compared using a X 2 test (data from both seasons were combined). ANOVA was not used on these last data because of the lower sample size involved.
SEXUAL ROLES
Field observations. To determine whether the sexual role taken by an A. californica was a function of its size, I observed mating pairs in the field in 1985 and 1986. Pairs simultaneously mating reciprocally, and individuals mating in trios or larger chains were not included in this analysis. In 1985, I observed 48 mating pairs between 18 July and 1 September. Length of each individual in the pair was estimated to the nearest centimeter using a plastic ruler while the animal was in a standard posture (neither balled up nor excessively stretched out). Since A. californica are highly contractile, length is not a very precise estimate of size for this species. Consequently, I repeated these observations in 1986 between 7 July and 12 September. A total of 83 pairs was observed. Animals on the reef were tagged and weighed on a spring balance previous to these observations, allowing a more precise estimate of initial size; however, the mass of these animals probably changed during the course of the observations. Individual adult A. californica at Santa Catalina Island increase in mass ,,~ 35% in July, and decrease in mass ~ 10% in both August and September (Audesirk, 1979) . However, ifthe relative masses of individuals remain constant, these data can still validly be used to compare the effect of relative size upon choice of sexual role. In 1986 I also recorded animals mating as the terminal sperm donor or receiver in longer chains. Using these data combined with the 1986 pair data, I examined individuals with >i 4 observed copulations and investigated whether (1) the percent of observed copulations as a male (donor) was a function of the individual's mass, and (2) whether any individuals showed a tendency to specialize in one sexual role, as indicated by a binomial test at P< 0.15. This significance value was chosen so that individuals observed mating 4 times in only one role would be flagged as specialists.
The immediate history of the mating pairs observed in the field was not known. Some probably formed from the disintegration of longer mating chains, and consequently may not reflect the sexual choices individuals might have made as a pair. Because of this problem, and the other problems with the data mentioned above, I also investigated factors influencing choice of sexual role in the laboratory.
Laboratory experiments. To experimentally investigate whether relative size affected the sexual role chosen, I created unequal-sized mating pairs in the laboratory.
A. californica were collected at low tide near Santa Barbara in November 1985 and October 1986, weighed, and held overnight (usually individually), without food, in the seawater system at UCSB. The following day, I placed pairs of animals that differed in mass by at least 20% together in 20-1 containers supplied with running seawater. Pairs were observed every 10 min until they had completed one copulation. Some pairs were allowed to begin further copulations; I usually terminated these further copulations before they were completed. Not all pairs copulated. I recorded the roles taken by each individual and the duration of each uninterrupted copulation. To investigate the role of feeding history in the choice of sexual role, I then paired animals by mass. That night, one individual of each pair was fed Ulva sp. (a high-preference food: Pennings, 1990ac) ad libitum; the other was starved. The following day, these pairs of similar-sized individuals were allowed to mate and were observed as above. In both experiments, I recorded whether animals laid eggs overnight. Sample sizes differ for the various tests made on these data because not all observations were possible on al 1 pairs. For example, if a copulation was interrupted, I recorded the role taken, but not the duration of the copulation. Similarly, for the few individuals that were held overnight in groups, I could not determine which individual(s) laid any eggs that were present the following day.
DYNAMICS OF MATING AGGREGATIONS
Aggregations of mating A. californica were observed during 1-12 September 1986 at CMSC. The location of each aggregation was individually flagged with surveyor's tape, and monitored daily. On each occasion I recorded the time of day, number and identity of all individuals in the aggregation (most individuals had been previously tagged) and whether or not eggs were present. Additional data on the distribution of the number of individuals in clumps was obtained during the observations of diel behavior patterns from 26 August to 11 September 1986.
Behavior of individuals within mating aggregations was observed in the laboratory, both at CMSC and UCSB. 19 individually tagged A. californica were placed in'a large outdoor tank (2 m diameter, 1 m deep) supplied with running seawater at CMSC on 17 August 1987. On 18 and 19 August, I recorded the identity and location within mating chain(s) of all copulating animals every 10 min from 0700 to 1600. Observations at UCSB were made concurrently with the October 1986 size-pair and feeding-pair experiments (above). Groups of 10 animals were placed in 100-1 tanks in running seawater, and observations made every 10 min on all mating aggregations. 11 trials were run; each individual A. californica was used in 1-2 trials.
~,giX~ SPECIES CLUMPS At Santa Catalina Island, A. califormca co-occurs with Aplysia vaccaria. To determine the extent to which the two species co-occurred in mating aggregations, I recorded any A. vaccaria that were present during all clump observations in 1985. Data are presented only for 1985, since it was the only year in which A. vaccaria were common.
RESULTS

DIEL PATTERNS OF BEHAVIOR
A. californica in the field spent most of their time either feeding or reproducing (Fig. 1) . Reproduction was the predominant behavior at 0300 and 0900, and feeding at 1500 and 2100 (Table I) pattern of reproduction varied between the two sampling periods (Table I, reals that were laying was significantly lower at 0300 than at the other three times sampled (Tukey's mean comparisons, P < 0.05). This drop occurred because a large proportion of A. californica began reproductive activity at ~,0300, but individuals typically copulated for a length of time before beginning to lay eggs (pers.obs.). A total of 100 observations were made on laying individuals. Of these, 17 observations were of individuals that were laying without copulating at the same time. The remaining 83 individuals were simultaneously copulating mid laying. The proportion of individuals laying but not copulating did not vary over the course of the day (Z~ = 0.936, P = 0.82).
SEXUAL ROLES
Field observations. In both 1985 and 1986, the sizes of sperm donors and sperm recipients in field pairs were not significantly different (Fig. 3, paired Of 35 individuals with 1> 4 observed copulations, only 4 chose one role more often than the other (Table II) . Three copulated 4 of 4 times as donors, one copulated 4 of 4 times as a recipient. None of the 18 individuals that were observed mating >4 times showed any evidence of specialization at P < 0.15. Of 35 individuals, 5.25 would be expected to "specialize" at P < 0.15 by chance alone, 4 'specialists" were observed; consequently, these observations suggest that the observation of 4"specialists" is simply due to chance, and that A. cafifornica do not actively specialize in a sexual role.
Laboratory experiments. Neither the relative size nor feeding history of paired individuals affected either the sexual roles chosen (Table III) , or the duration of the copulations (Fig. 5) . In both experiments combined, 8 copulations were reciprocal for most of their duration, 47 were primarily unidirectional. In contrast, only 4 pairs were ever observed mating reciprocally in the field, but 315 pairs were observed mating unidirectionally (most of these individuals were not measured, and hence are not included in the field pair data). Reciprocal mating is significantly more common in the laboratory than in the field (X~ = 26.69, P = 0.0001). Combining data from both laboratory experiments, reciprocal matings were significantly longer in duration than unidirectional matings (Fig, 5 , ts3 = 2.83, P --0.007). When paired animals mated more than once, they almost invariably switched roles for the subsequent copulation (binomial test, one-tailed, P(3,13,0.5) = 0.046). However, > 1/2 of these individuals lost contact with each other before mating again. In the field, these unconfined individuals would probably not have regained contact. Therefore, this behavior may be an artifact of the particular experimental conditions.
Data from both laboratory experiments were combined to address questions about behaviors associated with egg-laying. Animals that laid eggs the previous night were more likely to mate the following day than animals that did not lay eggs, and also were more likely to mate as a sperm donor than as a recipient ( Table IV ). Individuals that mated were more likely than those that did not to lay eggs the following night; however, choice of sexual role did not affect the probability that an individual would lay eggs the following night (Table IV) . In the feeding experiment, feeding did not affect the probability of laying eggs, either the night of the feeding (Z :~ = 1.42, P = 0.23) or the following night (X~ ---3.40, P --0.07).
TABLE IV
Association of egg-laying with propensity to mate and choice of sexual role in the laboratory. Top: association between egg-laying overnight and mating behavior on the following day. Bottom: association between mating behavior during the day and egg-laying on the following night. 
DYNAMICS OF MATING AGGREGATIONS
Mating aggregations were not associated with any predictable topographic feature of the bottom such as crevices or mounds, nor with the presence of any particular alga. Most macroalgae were eventually grazed away from the immediate vicinity of aggregations that persisted more than a few days. Eggs were laid either on the rock substratum or in clumps of algae.
The size of mating aggregations varied during the day (Fig. 6 , Z92 = 22.21, P = 0.008).
At 0300 and 0900, when mating was the predominant behavior ofA. californica, > 1/2 of the aggregations were comprised of >14 individuals• In contrast, at 1500 and 2100, when fewer A. califomica were mating, > 1/2 of the aggregations were comprised of 3 individuals. The probability of an aggregation persisting to the next day was a function of both aggregation size and the presence of eggs (Table V) . Larger aggregations were more likely to survive (several persisted a full week); smaller aggregations were more likely TABLE V Probability ofmating aggregations surviving (having at least one member) to the following day as a function of aggregation size and the presence or absence of eggs. Data are: no. surviving/no, dying (% surviving).
Initial aggregations of size 0 are marked locations of"dead" aggregations. to vanish (many were seen on only 1 day). Aggregations with eggs, especially smaller aggregations, were more likely to survive than aggregations without eggs. Very few large aggregations without eggs were observed, either because large numbers of mating A.
californica quickly produce eggs, or because large groups only form in the presence of eggs. Aggregations occasionally re,formed in the s~e spots after they were vacant for a day (Table V , 0 size aggregations), indicating either that some locations are more attractive for aggregation formation than others, or that previously occupied sites are for some reason more attractive than previously unoccupied sites. Despite the long-term persistence of aggregations, turnover of individuals within aggregations was very high. There was only a 33 % chance than an individual would be resighted in the same aggregation the following day (n = 282 observations). This probability did not vary with aggregation size or the presence of eggs (two-way ANOVA without replication, Aggregation Size: F6.6 = 1.72, P = 0.26; Egg Presence: Fl, 6 = 0.02, P = 0.89), indicating that the longer persistence of large aggregations or aggregations with eggs is not due to a longer residence time of aggregation members.
In the laboratory, individuals joined mating chains significantly more often at the terminal donor position (i.e., as a male) than at the terminal receiver position (Fig. 7 , P < 0.001, binomial test). No individuals were observed to join chains in the middle, either inserting themselves between two other individuals or forming a branched chain. However, branched chains are occasionally observed in the field (pers. obs.) and so entry into the middle of a chain must occasionally occur. These branches represent two individuals attempting to mate as sperm donors with a single sperm recipient. Both donors can achieve partial intromission of the penis (pers. obs.), but it is unknown if both can achieve full intromission. Individuals tended to leave chains from the donor position rather than from the recipient position, but this trend was not significant (Fig. 7 , P = 0.154, binomial test). One individual was observed to leave a chain from the middle position. Chains often completely broke apart between observations -this may have been caused by central individuals leaving the chain. However the sampling frequency (every 10 min) was not high enough to resolve the details surrounding the total breakup of aggregations.
MIXED-SPECIES AGGREGATIONS
In 1985 I observed 43 aggregations in the field that included A. vaccaria. Fifteen aggregations (35%), ranging in size from 2 to 12 individuals, were composed only of A. vaccaria; the remainder (65%) were composed of both A. californica (1-16) and A. vaccaria (1-11) . A. vaccaria were never seen to mate with A. californica, but frequently mated among themselves, both in pairs and longer chains.
DISCUSSION THE DYNAMICS OF MATING AGGREGATIONS
The most conspicuous feature ofA. californica behavior is their tendency to form large mating aggregations. Despite this, no studies have been made of the dynamics of these mating groups. Here, I have shown that although groups can persist for several days, the membership of these groups is highly transitory. There is a constant flow of individuals in and out of the mating aggregations. Consideration of the central role of mating aggregations to A. californica behavior allows the synthesis of a wide variety of behavioral observations. Ovipositing A. californica release water-born pheromones that stimulate reproductive activity in other individuals (Audesirk, 1977) . These pheromones probably play a key role in the formation and maintenance of mating aggregations in the field. Because of the release of these pheromones, egg-laying individuals in the laboratory are highly attractive as mating partners (Audesirk, 1977) . Similarly, in the field, I found few individuals laying eggs that were not also mating as sperm recipients. The fact that .4. vaccaria were often found together with A. californica in mating aggregations (Kupferman & Carew, 1974; this paper) suggests that the two species utilize the same pheromone. However, the two species do not attempt to interbreed, indicating that they are able to distinguish conspecifics from heterospecifics upon physical contact. Similarly, 14% of 88 A. depilans and A.fasciata aggregations included members of both species (Achitev & Susswein, 1985) , suggesting that these two species also share a common pheromone. It is possible that all species of Aplysia use a single common pheromone. This possibility could be tested in the laboratory using species that do not normally coexist.
Animals that enter mating aggregations usually join a chain of copulating individuals by acting as a sperm donor to the terminal male. Occasionally, the.terminal female in a mating chain may initiate copulation as a sperm donor with a nonmating individual in the aggregation. This individual then effectively joins the chain as the new terminal female. I never directly observed animals joining mating chains as central or branching individuals. In contrast, A. fasciata are reported to often join chains in the middle . As with A. californica, few A.fasciata join chains as terminal females .
In the laboratory, reciprocal copulations between pairs ofA. californica lasted significantly longer than unidirectional copulations (Fig. 5) . This observation probably helps explain the persistence of mating aggregations. Most individuals in mating aggregations are performing two sexual functions simultaneously. Central individuals in chains mate as both sperm recipients and donors, as do individuals copulating reciprocally in pairs. In addition, terminal females can simultaneously mate as sperm recipients and lay eggs or feed. Consequently, animals in aggregations are willing to copulate for long periods of time, and the turnover of individuals within the group is slowed, enhancing the persistence of the group. Reciprocal matings are rarer in the field than the laboratory, probably because reciprocal mating involves an awkward position that is difficult to maintain except in fairly still water.
CHOICE OF SEXUAL ROLE
Simultaneous hermaphrodites that mate in pairs are thought to experience conflict over which individuals will assume which sexual role (Fischer, 1980 (Fischer, , 1984 Leonard & Lukowiak, 1984 , 1985 . This conflict is typically resolved by some sort of parcelling behavior, where individuals repeatedly alternate sexual roles, adopting the less-preferred role in exchange for the opportunity to adopt the preferred one. By mating in groups (or reciprocally) A. californica are able to avoid this conflict, since each individual can take both roles simultaneously. Individuals paired in the laboratory do tend to alternate roles on subsequent copulations; however, contact is often lost between copulations, suggesting that these laboratory observations do not represent the enforced parcelling behavior observed in other species, but rather simply that an animal's inclination to mate in a particular role decreases as a result of a recent copulation in that role. Hence, confined pairs tend to alternate roles. I predict that unconfined pairs of A. caiifornica in the field would not repeatedly alternate roles because they would usually lose contact with each other after the first copulation.
Several observations suggest that Aplysia spp. may specialize in their sexual role under certain conditions. The advantages of this behavior are unclear and require further investigation. Sperm donors were larger than sperm recipients in pairs of A. punctata mating in the field (Otsuka et al., 1980) . However, this pattern did not occur in field pairs ofA. californica (Fig. 3) , nor was the tendency to mate as a male a function of absolute size (Fig. 4) . In the laboratory, larger individuals in pairs took both sexual roles equally often (Table IIl) , and the duration of copulations did not depend upon whether the sperm donor was the larger or smaller individual (Fig. 5) . I; is possible that the pattern observed by Otsuka et al. (1980) was related to development, since A. punctata in the laboratory develop mature spermatozoa before oocytes (Smith & Carefoot, 1967) . A. californica can lay eggs when < 1 g in mass (Pennings, 1991) . Hence, detection of such a developmental pattern in A. californica would require the observation of much smaller individuals than were sampled in this study. Neither size nor age influenced the choice of copulatory role in A. juliana (Switzer-Dunlap et al., 1984) .
In the laboratory, 5 of 8 A. juliana and 9 of 26 A. dactyomela specialized in a sexual role more often than would be expected by chance (Lederhendler & Tobach, 1977; Switzer-Dunlap et al., 1984) . However, A. californica in the field did not tend to specialize (Table II) . This may he because A. californica commonly mate in aggregations where they take both sexual roles simultaneously. Under these circumstances, individuals that specialized in one role or the other would be at a selective disadvantage compared to those that gained fitness through both the male and female functions. In contrast, A. juliana in the laboratory rarely mate reciprocally (Switzer-Dunlap et al., 1984) , and A. dactyomela predominantly mate in pairs in the field (Otsuka et al., 1980) .
These species may incur less of a cost in specialization since they rarely have the opportunity to mate in both roles simultaneously. Carefoot (1987) noted that the effect of feeding history upon choice of sexual role in Aplysia needed to be investigated. In this study, a single night of feeding or starvation had no effect upon choice of sexual role (Table Ill) nor upon the duration ofcopulations (Fig. 5) . It is possible, of course, that longer periods of food deprivation might have had an effect where a single night did not. However, longer periods of food deprivation would probably be rarely experienced by animals in the field.
Egg-laying did not affect subsequent choice of sexual role in A.juliana (Switzer-Dunlap et al., 1984) . However, A. californica that laid eggs were more likely to mate than those that did not, and were more likely to mate as donors than as recipients ( Table IV) . Individuals that mated were more likely to lay eggs the following night than those that did not (Table IV) . These observations are most simply accounted for by postulating that some individuals are, for whatever reasons, more sexually active than others. Sexually active animals are more likely to mate, mate as donors, and lay eggs than are nonsexually active individuals. This idea is corroborated by the observation that "aroused" A.fasciata mate as sperm donors .
DIEL CYCLES OF BEHAVIOR
The link between cycles of behavior ofAplysia spp. in the laboratory and in the field remains a topic for further investigation. Susswein (1984) observed that the presence or absence of food dramatically altered the behavior ofA.fasciata, and questioned the field relevance of laboratory studies of A. californica behavior performed under highly artificial circumstances. Obviously, since social interactions form a major component of A. californica behavior (at least during the summer months when mating occurs), A. californica behavior in isolation will differ from that in the field. Most laboratory studies have focused on crawling vs. sedentary behaviors, both of which are relatively small components ofA. californica behavior in the field (Fig. 1) , showing no obvious diel pattern. These laboratory studies indicate thatAplysia spp. possess some sort of internal rhythm, but it is unclear how this internal rhythm generates the behavior patterns observed in the field.
The benefits of mating in large aggregations probably provide the selective advantage to synchronization of behavior into diel cycles. Individuals benefit from mating at the same time as other individuals, because that is when the aggregations are largest (Fig. 6) . However, this does not explain why behaviors should occur at any particular time of day, nor why cycles should remain similar between seasons (Fig. 1) . Although small A. californica have predators with their own diel cycles (Pennings, 1990a,b) , the larger individuals studied here are probably immune from predation. The sympatric A. vaccaria is primarily nocturnal (pers. obs.). Similarly, Carefoot (1989) reports that A. parvula is diurnal while the sympatric A. dactyomela is nocturnal. In neither case is it clear why two sympatric species should have different diel cycles. However, the benefits of synchronization per se are clear, and can be explained by individual selection. A. californica seem to be unusual in the genus in that relatively little of their time is spent sedentary. In contrast, most other species of Aplysia spend considerable amounts of time immobile (A. dactyomela, A. parvula: Carefoot (1989) , A.fasciata: Susswein et al. (1983), A. vaccaria: Pennings, pers. obs.) .
It is clear from the above discussion that patterns of behavior observed in one Aplysia species will not necessarily be found in another. Further comparative work is required in order to determine whether these differences reflect behavioral differences between species or simply varying conditions under which different studies were performed. In either case, elucidation of the ecological and/or evolutionary basis for the observed differences in behavior would be a fruitful task.
